Abstract-The influence of electric field in the chemical synthesis of polyaniline on the surface of sulfonated cation-exchange membranes on their structure and properties has been investigated. By using standard contact porosimetry, it has been found that surface modification of heterogeneous membranes with polyaniline, both in static conditions and in an external electric field, does not significantly affect the distribution of water over the effective pore radii and binding energies. It has been shown that the structural heterogeneity of the ion-exchange membrane, rather than the aniline polymerization conditions, has a more significant effect on the morphology of the polyaniline layer on its surface and, hence, on the electrotransport properties. A decrease in the electrical conductivity of the composites obtained with an increase in the quantity of electricity passed during the synthesis of polyaniline on their surface has been revealed. Based on the analysis of the current-voltage characteristics of the samples and their electrical conductivity, the conditions for obtaining materials with the most pronounced asymmetry of the electrotransport properties have been determined.
INTRODUCTION
The interest of researchers and manufacturers of membrane materials to the problems of creating new functional composites based on existing commercial membranes continues unabated. This is evidenced by a large number of scientific publications and patents devoted to the problem of membrane modification [1] [2] [3] [4] [5] [6] . Polyaniline is one of the effective modifiers, since it possesses a set of unique electrochemical properties and is easy to synthesize [7] [8] [9] . However, until now, the greatest attention has been paid to the synthesis of polyaniline on the surface or in the matrix of perfluorinated Nafion-type membranes or their Russian analogue MF-4SK because such materials, due to their cluster-channel structure, are unique nanoreactors and convenient model systems for studying processes occurring on a nanoscale [10] [11] [12] [13] . Polyaniline-modified perfluorinated membranes are used in sensors, fuel cells, and other electrochemical devices, with surface-modified samples that have an anisotropic structure and asymmetric transport properties being of particular interest [14] [15] [16] [17] [18] [19] [20] [21] . However, the modification of heterogeneous membranes with polyaniline is no less promising, inasmuch studies reported in the literature have shown the effectiveness of using materials of this kind for separating singly and multiply charged ions during the electrodialysis of multicomponent solutions, as well as for electrodialysis concentration of electrolyte solutions [22] [23] [24] . This effectiveness is associated with a significant decrease in the diffusion and electroosmotic permeability of membranes due to the formation of a barrier layer of polyaniline on their surface [25, 26] and to their enhanced thermal stability [27] .
Oxidative polymerization of aniline is usually carried out under conditions of successive diffusion of monomer and oxidant solutions through the membrane into water [15, 17, 25, 28] and, as a rule, is accompanied by a decrease in not only the diffusion and electroosmotic permeability of the membranes, but also their electrical conductivity. Carrying out this process under conditions of an external electric field facilitates the monomer and oxidant transport to the desired area of the membrane by not only the diffusion, but also the migration mechanism and allows the use of a lower concentration of polymerization solutions and simultaneous modification of several membranes directly during electrodialysis [26, [28] [29] [30] [31] [32] . Ion-exchange membranes modified with polyaniline under external electric field are characterized by a higher electrical conductivity compared to samples in which polyaniline was synthesized under static conditions [28] . One of the possible reasons behind the better electrical conductivity of the membranes is the special structure of the polyaniline layer synthesized under these conditions; however, the role of the electric field in this process has not yet been clarified.
The chemical synthesis of polyaniline under the external electric field conditions has another important advantage-the possibility of monitoring this process by recording chronopotentiograms of the electromembrane system. Establishing a correlation between the different steps of the oxidative polymerization of aniline and the nature of chronopotentiograms is fundamental to understanding the influence of an external electric field on the chemical synthesis of polyaniline on the surface of ion-exchange membranes. In addition, the practical possibility of developing a method for modifying membranes with polyaniline, including controlling the process by measuring the chronopotentiograms of the electromembrane system is no less important. Thus, the purpose of this work was to study the effect of an external electric field on the process of chemical synthesis of polyaniline in the surface layer of sulfonated cation-exchange resin membranes and, hence, on the structure and properties of the resulting materials.
EXPERIMENTAL
The base membrane for preparing composites was a heterogeneous sulfonated cation-exchange membrane MK-40 (Shchekinoazot) or a homogeneous membrane on a perfluorinated MF-4SK matrix (Plastpolimer). The membrane thicknesses were 470 and 300 μm, respectively. Modification was performed by synthesizing polyaniline (PANI) on the membrane surface in a four-compartment cell under an applied direct current. To prevent electrolysis products from entering into the near-membrane compartments from the near-electrode cells, an auxiliary anion-exchange membrane and a cation-exchange membrane separated the membrane under investigation from the anode and cathode compartments, respectively. A 0.01 M aniline solution in 0.05 M HCl was fed into the cell from the anode side, and a 0.002 M potassium dichromate solution in 0.05 M HCl was fed from the cathode side. A 0.05 M HCl solution was supplied to the near-electrode compartments (Fig. 1) . The modification process was carried out under conditions of natural convection. The active membrane area was 7.1 cm 2 . The synthesis was carried out at different polarization current densities (i, mA/cm 2 ) for 120 min in the case of the heterogeneous membrane or 60 min for the homogeneous membrane: i = 20, 30, 40, or 50 mA/cm 2 . The current density used to prepare the composites is indicated in the sample name. Note that phenylammonium cations were transferred into the concentration compartment through the cation-exchange membrane, in accordance with the direction of the electric current. Dichromate anions, in turn, migrated to the membrane surface, where the oxidative polymerization of aniline took place. Thus, a polyaniline layer was formed on the membrane surface from the cathode side.
For comparison, the oxidative polymerization of aniline on the MK-40 membrane surface was carried out under static conditions without applying an external electric field. In this case, the rapid synthesis and the standard synthesis of polyaniline were used [27, 28] . The experiment was carried out in a two-compartment cell in two steps according to the method of successive diffusion of the monomer and oxidant solution into water. The compositions of the feed solutions and the time of their contact with the membrane are shown in Table 1 .
The polyaniline synthesis process was accompanied by the measurement of chronopotentiograms of the electromembrane system to establish a correlation between their pattern and various steps of the oxidative polymerization of aniline on the surface of sulfonated cation-exchange membranes. After the process was completed, the current-voltage characteristics (CVCs) of the composites were measured in the same cell. In this case, a 0.05 M hydrochloric acid solution was fed into all the compartments at a flow rate of 14 mL/min. A direct electric current was passed at a sweep rate of 5 × 10 −4 A/s. The membrane potential drop was recorded in the online mode with a sampling rate of once a second using a high-resistance voltmeter connected to measuring silver/silver chloride electrodes brought to the surface of the ion-exchange membrane. The method of tangents was used to deter- mine the key characteristics of the current-voltage curve: the limiting current value, the corresponding value of the potential drop, and the slopes of the ohmic region and the limiting current plateau.
The ohmic region of the current-voltage curve for the MK-40 membranes modified with polyaniline under static conditions was measured in a two-compartment cell under conditions of natural convection in 0.1 M NaCl solution with platinum polarizing electrodes and standard silver/silver chloride electrodes brought to the membrane surface. 1 The experiments were carried out in the potentiostatic mode from −15 to 15 V with a step of 1 V. The ac conductivity of a membrane was determined by measuring its resistance in a 0.05 M HCl solution using the difference method. The dc conductivity was evaluated by analyzing the slope of the ohmic region of the current-voltage curve.
The effectiveness of membrane modification with polyaniline was confirmed using the techniques of optical microscopy and scanning electron microscopy. Surface and cross-section images were obtained using an Axiocam MRc5 ZEISS optical microscope for the heterogeneous membranes in the swollen state and a Carl Zeiss Microscopy Merlin scanning electron microscope for the dry homogeneous perfluorinated membranes. The experiments were performed at the Paris-East Institute of Chemistry and Materials Science (France). The distribution of water by the effec-tive pore radii and binding energies in the bulk of the obtained samples was studied using standard contact porosimetry. From the obtained porosimetric curves, the characteristics of the porous structure of the membranes were calculated, such as the specific area of the inner surface, the proportion of selective micro-and mesopores in the total pore volume of the membrane, and the proportion of macropores in the swollen membrane characterizing the heterogeneity of the material [33] .
RESULTS AND DISCUSSION
The effectiveness of surface modification of sulfonated cation-exchange membranes with polyaniline in an external electric field was confirmed by optical microscopy data. As can be seen from Fig. 2 , polyaniline chains are formed only at the outlets of the transport channels on the membrane surface, excluding polyethylene. The island character of the distribution of polyaniline on the surface of the heterogeneous membrane (Fig. 2b) is fundamentally different from the continuous layer of polyaniline on the surface of the homogeneous perfluorinated membrane (Fig. 2e) , despite the identical conditions of modification of these samples. In the bulk of the MK-40 membrane, there are micron-sized structural cavities at the junctions of the gel regions of the resin and polyethylene; these cavities are filled with monomer and oxidant solutions. The formation of polyaniline chains is observed only on ion-exchange resin particles in the MK-40 membrane. By standard reference porosimetry, it has been found that surface modification of the MK-40 membrane with polyaniline both under static conditions and in an external electric field does not significantly affect the distribution of water over the effective pore radii and binding energies in the membrane structure ( Fig. 3) and, as consequence, the porous structure characteristics, such as total pore volume (V 0 ), specific surface area (S), the proportion of selective gel microand mesopores in the total pore volume of the membrane and the proportion of macropores in the swollen membrane ( Table 2 ).
The polyaniline synthesis process was accompanied by the measurement of chronopotentiograms (Fig. 4) . The complex pattern of chronopotentiograms for the perfluorinated membrane suggests that they are interrelated with various steps of the oxidative polymerization of aniline. In the case of the heterogeneous membrane, a monotonic increase in the potential drop across the membrane is recorded during the process. This behavior of the system is typical for cases when a precipitate forms on the membranes [34] . This may be because polyaniline blocks transport channels in the membrane, resulting in increased resistance of the system. This assumption is confirmed by a decrease in the electrical conductivity of the composites obtained in the 0.05 M HCl solution, as determined independently by the difference method, with an increase in the quantity of electricity passed during the synthesis of polyaniline on the surface of the MK-40 mem- 
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brane. The results are presented in Fig. 5 , from which it can be seen that with an increase in the quantity of electricity passed during the PANI synthesis on the MK-40 membrane surface, the electrical conductivity of the composite decreases.
The monotonic character of increasing potential drop on the membrane rules out the possibility of using chronopotentiometry to control the steps of polyaniline formation on the MK-40 surface. However, the pattern of change in potential drop is interesting. Consider the initial region of chronopotentiograms (Fig. 4c) . It can be seen from the figure that at current densities of 40-50 mA/cm 2 , Δϕ reaches 1.7 V, whereas this value at lower current densities makes about 1.4 V and is reached somewhat later. The form of chronopotentiograms is also different: the potential drop monotonically grows at 20 mA/cm 2 ; a small plateau followed by monotonic growth is observed at 30 mA/cm 2 ; and a significant decrease in Δϕ (by 0.3 V) is recorded at higher current densities, being observed for 8 min and then changing to monotonic growth. In the last region of chronopotentiograms at currents of 40 and 50 mA/cm 2 , an almost constant potential drop is observed. Obviously, the amount of polyaniline formed is also greater at higher current densities. The results of studies dealing with polyaniline synthesis on homogeneous membranes confirm this fact. Apparently, as in the case of homogeneous membranes, the membrane is saturated with anilinium cations at the initial step and then, when the concentration of anilinium in the receiving diffusion layer becomes sufficient, its polymerization begins. At the same time, the time required to achieve such a critical concentration will be determined by the current density: the higher the density, the faster the onset of polymerization.
Since polyaniline is formed only on KU-2 resin grains that emerge on the surface of the MK-40 membrane, the amount of polyaniline formed at low current densities is not enough to significantly affect the behavior of the electromembrane system. At the same time, at current densities of 40 and 50 mA/cm 2 , there is rapid buildup of the new polymer on the membrane surface, which leads to a change in the shape of the chronopotentiogram, complicating its character.
For the set of the MK-40 membrane samples modified with PANI in an applied electric field, the current-voltage characteristics were measured, from which the limiting current at the external mem- brane/solution interface (i lim ), the corresponding value of the potential drop (ΔE lim ), and the slopes of the ohmic region of the CVC (tan 1 ) and the limitingcurrent plateau (tan 2 ) were determined. Since polyaniline has anion-exchange properties, the formation of its layer on the surface of the cation-exchange membrane makes it a bilayer membrane, which can function as a bipolar membrane in an external electric field. To confirm this assumption, the current-voltage characteristics of the obtained composites were measured at different orientations by the modified layer to the flow of counterions. It was found that there is an asymmetry effect of the current-voltage curve for all the samples obtained (Fig. 6) . The slope of the ohmic region and, consequently, the membrane conductivity is higher for the case when the flow of counterions encounters the unmodified side of the composite ( Table 3 ). As the current density increases during PANI synthesis, increasing the amount of PANI on the membrane surface, the slope of the ohmic region of the current-voltage curve decreases, which is explained by an increase in the membrane resistance (Fig. 5) . A similar effect of the asymmetry of the slope of the CVC ohmic region, which characterizes the conductivity of the electromembrane system, was also observed for MK-40 membranes superficially modified with polyaniline under static conditions without applying an external electric field. Note that the membrane conductivity is also higher in the case when the ΔE, V flow of counterions is met by the unmodified side of the composite. The asymmetry effect of this CVC parameter depends on the composite preparation conditions: the concentration of the aniline and ammonium persulfate solutions used and the time of their contact with the membrane. As can be seen from Fig. 7 , the slope of the ohmic region of the CVC is the same regardless of the orientation of the initial membrane ( Fig. 7a ) and differs by 30% for the composite obtained under the conditions of rapid synthesis of PANI (Fig. 7b) or by 50% for the composite obtained under the standard PANI synthesis conditions (Fig. 7c) . When the membrane is oriented to the counterion flow by the unmodified side, the limiting current density at the external membrane/solution interface and the potential drop at which the limiting state occurs are increased only for the composites obtained at current densities of 40 and 50 mA/cm 2 ( Table 3) . For these two composites, a change in the shape of the initial part of the CVC is also observed (Fig. 6c ). An interesting fact is the presence of a limiting current in the case of this orientation of the membranes, in contrast to the current-voltage curves of MF-4SK/PANI composites, for which the limiting current is not experimentally achieved under the same conditions [30] .
It can be assumed that this is due to the heterogeneity of the MK-40 membrane structure. Due to the presence of micron-sized structural cavities at the junction of the resin and polyethylene particles (Fig. 3) , the monomer and the oxidant accumulate in them to begin the aniline polymerization process. Polyaniline chains formed on the gel portions of the ion-exchange resin block the flow of hydrogen cations at the membrane/solution interface, leading to a local increase in their concentration inside the membrane. As a result, a reverse diffusion flow occurs, which may be one of the reasons for the increase in the limiting current. Another reason could be an increase in the concentration of charge carriers in the depleted diffusion layer due to the flow of coions, which is associated both with a lower selectivity of the heterogeneous membrane as compared to the homogeneous one and with the formation of a layer of polyaniline, which is a weak anion exchanger. This effect will be all the more significant, the larger the macropores in the membrane structure and the greater the amount of polyaniline on its surface. In homogeneous membranes, in which the inhomogeneities of the structure do not go beyond the nanoscale dimensions [33] , no increase in the limiting current is observed after the synthesis of polyaniline on their surface.
If a flow of counterions is encountered by the polyaniline layer during CVC measurement, the limiting current at the external membrane/solution boundary in the composite synthesized at the lowest current density of 20 mA/cm 2 increases. As in the case when the membrane is turned to the flow of counterions by the unmodified side, an increase in the limiting current density is accompanied by an increase in the value of the potential drop at which the limiting state occurs (Table 3 ). For composites obtained at current densities above 30 mA/cm 2 , two maxima are observed in the differential CVC (Fig. 8) . The second maximum in the differential CVC corresponds to the onset of the limiting state at the external membrane/solution boundary. The first maximum in the region of low values of the potential drop is associated with the depletion of the bipolar junction inside the membrane, which is formed in the composite preparation process. Under the influence of an external electric field, cations and anions migrate from the bipolar junction through the cation-exchange layer and the polyaniline layer, respectively. The diffusion of an anion through a thin PANI layer makes it possible to reduce the deficiency of ions at the bipolar junction. However, this decrease is only partial and, at a certain current density, the concentration of ions at the bipolar junction becomes quite low. This limiting current density caused by the depletion of the bipolar junction can be called pseudolimiting current density. Similar effects were observed for MF-4SK membranes superficially modified with polyaniline [30] .
As can be seen from Fig. 8 , the higher the current density used in the PANI synthesis, the more pronounced the first maximum in the differential current-voltage characteristic, and, consequently, the internal bipolar junction in the composite membrane plays a significant role. This phenomenon is not observed for the sample obtained with the minimum current density of 20 mA/cm 2 .
Thus, by analyzing the measured current-voltage characteristics of the obtained samples and evaluating their specific dc conductivity, the conditions for obtaining materials with the most pronounced effect of asymmetry of transport properties can be found.
CONCLUSIONS
The effect of an external electric field on the oxidative polymerization of aniline on the surface of sulfonated cation-exchange membranes has been studied. By using standard contact porosimetry, it has been found that surface modification of heterogeneous membranes with polyaniline both under static conditions and in an external electric field has an insignificant effect on the distribution of water by the effective pore radii and binding energies and, as a result, on the characteristics of their porous structure. The study of surface morphology of the modified membranes has been shown that the distribution of polyaniline on the surface of homogeneous and heterogeneous sulfon- ated cation-exchange membranes differs in character. It has been revealed that structural heterogeneity of the ionexchange membrane has a more significant effect than the aniline polymerization conditions on the morphology of the polyaniline layer on its surface and, as a consequence, on the electrotransport properties.
In the chronopotentiograms measured during the synthesis of polyaniline, a monotonic increase in the potential drop on the surface of a heterogeneous membrane is recorded. It has been suggested that polyaniline blocks transport channels in the membrane, thereby leading to an increase in the resistance of the system. The decrease in the electrical conductivity of the obtained composites with an increase in the quantity of electricity passed during the polyaniline synthesis on their surface has been experimentally proved.
Based on the analysis of the current-voltage characteristics of the composites obtained, as measured at different orientations of the polyaniline layer to the flow of counterions, the effect of asymmetry of the parameters of the current-voltage curve was detected. The slope of the ohmic region, and, consequently, the conductivity of the membrane, is higher in the case when the flow of counterions is met by the unmodified side of the composite. With increasing current density during the synthesis of polyaniline, the slope of the ohmic region of the current-voltage curve decreases, which is explained by an increase in the membrane resistance. With the reverse orientation, the most significant effect is the appearance of the so-called pseudo-limiting current on the current-voltage curve, which is associated with the depletion of the bipolar sulfonated cation-exchange membrane/polyaniline junction. It has been established that the greater the current density in the synthesis of polyaniline, the more pronounced is this effect and, consequently, the internal bipolar junction in the composite membrane plays a big role. 
